V entricular tachycardia in patients without structural heart disease is an uncommon clinical entity.' In a large proportion of such patients, the tachycardia has a uniform left bundle branch block, inferior-axis QRS configuration, suggesting an origin in the right ventricular outflow tract. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, these latter patients do not constitute a homogeneous group. Clinical presentations range from incessant runs of monomorphic nonsustained ventricular tachycardia to infrequent episodes of sustained ventricular tachycardia. Exercise may either suppress or facilitate tachycardia initiation. Attempts to classify tachycardia mechanism by the response to programmed stimulation and pharmacological manipulation (verapamil, isoproterenol) suggest diverse potential etiologies including reentry, triggered activity, and catecholamine-mediated automaticity. 4, [6] [7] [8] Lerman et a17 recently described a group of patients with exercise-induced sustained ventricular tachycardia with a left bundle branch block, inferior-axis QRS configuration in whom adenosine reliably terminated the tachycardia. The response to adenosine and to autonomic maneuvers that antagonize catecholamineassociated increases in cAMP provided strong evidence for cAMP-mediated triggered automaticity as the mechanism of tachycardia. These observations also suggested that adenosine may be used as a diagnostic tool to identify a unique subset of patients with idiopathic ventricular tachycardia.
The purpose of this report is to further characterize the clinical presentation and electrophysiological responses of patients with adenosine-sensitive, catecholamine-mediated ventricular tachycardia. Detailed mapping and pacing studies demonstrated that these tachycardias arise from discrete foci in the free wall of the pulmonary infundibulum. Catheter ablation at these sites resulted in long-term abolition of spontaneous ventricular tachycardia.
Methods

Patient Selection
In 14 patients presenting with spontaneous sustained ventricular tachycardia without evidence of structural heart disease, intravenous adenosine was administered during the tachycardia to assess effects on termination (see below). Adenosine failed to terminate ventricular tachycardia in seven patients. The remaining seven patients, all with adenosine-sensitive left bundle branch block, inferior-axis ventricular tachycardia, comprise the study group. In these patients, ambulatory monitoring, formal exercise testing, and signal-averaged ECGs (method of Simpson14) were performed before electrophysiological evaluation. 
Electrophysiological Testing
The results of preablation electrophysiological testing are summarized in Table 2 . In the absence of isoproterenol, sustained ventricular tachycardia was initiated reproducibly in only one patient. During isoproterenol infusion, sustained ventricular tachycardia was induced in an additional five patients. In one patient (No. 5), only nonsustained ventricular tachycardia could be induced. All induced tachycardias had a left bundle branch block, inferior-axis QRS configuration.
The relation between the coupling interval of the last paced beat and the return cycle of the first tachycardia beat was examined in four patients. There was no consistent relation between these two variables in any patient. Single and double extrastimuli were introduced during sustained ventricular tachycardia at progressively shorter coupling intervals in four patients. Resetting was not observed in any patient. In all patients with induced sustained ventricular tachycardia, burst ventricular pacing terminated the tachycardia.
Electrophysiological testing was performed in the absence of antiarrhythmic drug therapy on multiple days in four patients. In these patients, the induction of sustained ventricular tachycardia was variable. In patient 4, sustained ventricular tachycardia could not be induced by any technique on two consecutive days. However, sustained ventricular tachycardia was induced during programmed ventricular stimulation on the preablation study 4 
Mapping and Ablation
Mapping during sustained or nonsustained ventricular tachycardia revealed endocardial activation before the onset of the surface QRS in the right ventricular outflow tract in all patients, although presystolic activation was recorded over a relatively large area. Activation at the site of successful ablation preceded the onset of the surface QRS by 10-30 msec (Table 3) . Low-amplitude or fractionated electrograms were not observed. The optimal pace map in each patient demonstrated a close concordance of QRS configuration in each of the 12 leads (Figure 1) . In each patient, the site of the optimal pace map was discrete and generally reproducible only within a few millimeters. Optimal pace maps and the subsequent sites of successful ablation were all located on the anterior free wall of the pulmonary infundibulum (Figure 2 and Table 3 ), ranging from sites near the septal attachment anteromedially to sites closer to the tricuspid valve posterolaterally. The frontal-plane QRS axis was an excellent predictor of the site of the optimal pace map. A predominantly negative QRS in lead I was associated with a site near the septal attachment of the free wall (site A). An isoelectric QRS in lead I was associated with a site on the mid free wall of the outflow tract (site B). A third distinct morphology had a predominantly positive QRS configuration in lead I and was associated with a free wall site posterolaterally (site C), closer to the tricuspid valve (Figure 3) .
Direct current shock was the initial energy modality in the first patient only. Radiofrequency energy was the initial treatment in the remaining six patients. Application of radiofrequency energy during the tachycardia was associated with brief acceleration followed by irregular slowing for several seconds before termination (Figure 4 ). The goal of radiofrequency application was the elimination of all spontaneous ventricular ectopy and inducible tachycardia (sustained or nonsustained) during isoproterenol infusion. If spontaneous ectopy or inducible ventricular tachycardia persisted, minor repositioning of the catheter within a few millimeters was performed, and another application was given. In one patient with unsuccessful radiofrequency ablation, a single direct current shock applied to the same site was successful. In the remaining five patients, spontaneous and inducible ventricular arrhythmias were eliminated with two to five radiofrequency applications.
Follow-up
There were no immediate adverse sequelae in any patient. The initial patient, who received a single direct current shock, had several runs of polymorphic nonsustained ventricular tachycardia (three to seven beats) within the first 24 hours after ablation. No treatment was given, and these arrhythmias resolved spontaneously. Two adenosine-responsive patient, the tachycardia had a left bundle branch block, inferior-axis QRS configuration and arose from a discrete site in the free wall of the pulmonary infundibulum. Focal ablation at this site resulted in long-term abolition of ventricular tachycardia.
Electrophysiological Mechanisms
The use of adenosine to identify a common tachycardia mechanism in patients with idiopathic ventricular tachycardia is of particular importance, given the unreliability of other diagnostic maneuvers or clinical findings. The only known effect of adenosine in ventricular myocardium is the antagonism of catecholamine-stimulated elevations in cAMP.'7 The efficacy of adenosine in terminating ventricular tachycardia strongly supports triggered activity as the responsible mechanism in these patients. The response to carotid sinus massage and the Valsalva maneuver in the study patients and those inferior-axis sustained ventricular tachycardia using direct current shocks applied to the right ventricular outflow tract. None of these patients received adenosine, and specific localization of the ablation site within the outflow tract was not reported.
Previous mapping studies of catecholamine-associated right ventricular outflow tract tachycardia indicated that such tachycardias arise predominantly from the intraventricular septum.3'4 In this study, all patients with adenosine-responsive ventricular tachycardia had effective ablation with localized application of energy in the free wall of the pulmonary infundibulum. In the former studies, pace mapping and ablation were not used to corroborate information from activation sequence mapping, and adenosine responsiveness was not assessed.
Pace mapping provides a reliable, practical means to identify appropriate ablation sites in patients with adenosine-sensitive ventricular tachycardia. In contrast to its unreliability in identifying appropriate ablation sites in reentrant ventricular tachycardia associated with myocardial infarction,27'28 pace mapping may more precisely imitate activation patterns during ventricular tachycardia arising from a single anatomically discrete focus in a structurally normal heart. 26 The optimal pace map in the study patients invariably had a short stimulus to QRS interval, providing additional evidence that an area of slow conduction did not participate in the genesis of this arrhythmia. 29 In this study, the only complication related to catheter ablation was a new but self-limited nonsustained ventricular tachycardia early after direct current shock. Transient myocardial dysfunction and cardiac perforation have also been described after the application of direct current shocks in the right ventricle.30'3' For these reasons, radiofrequency energy remains the modality of first choice. The cause of unsuccessful radiofrequency ablation in one patient is uncertain because the subsequent successful direct current shock was applied at the same site. It is possible that inadequate electrode contact precluded effective transmission of energy to the endocardium.
The apparent predilection of this tachycardia for specific sites within the free wall of the pulmonary infundibulum is unexplained. Histological abnormalities at the site of tachycardia origin could not be identified in a previously reported patient undergoing direct surgical ablation.24 In addition, multiple or "latent" foci, which could increase the risk of late recurrences, were not observed in any patient. A limited number of energy applications within a very circumscribed area resulted in long-term abolition of all ventricular tachycardias. Of interest, there appear to be no regional inhomogeneities of sympathetic innervation in patients with adenosinesensitive ventricular tachycardia, at least as reflected by MIBG scanning. The mechanism of successful ablation appears unrelated to sympathetic denervation.
Limitations
Patients with ventricular tachycardia and structurally normal hearts, even those arising exclusively from the right ventricular outflow tract, are most likely a heterogeneous group who may not share a common mechanism. We included only patients in whom sustained tachycardias could be documented so that the response to adenosine could be unequivocally demonstrated. It is possible that many nonsustained ventricular tachycardias in patients without structural heart disease, including those with repetitive monomorphic ventricular tachycardia,12"13 also may be due to triggered automaticity. In this study, we did not observe adenosine sensitivity in idiopathic sustained ventricular tachycardias arising from other right or left ventricular sites. Further experience with the diagnostic use of adenosine may modify this preliminary observation.
Clinical Implications
The prognosis of patients with idiopathic right ventricular tachycardia is reported to be excellent,432,33 provided that occult right ventricular dysplasia or cardiomyopathy have been excluded.34 Pharmacological therapy is often effective in these patientsl"4; however, recurrent disabling palpitations or intolerable side effects during medical therapy are common. In patients with adenosine-sensitive ventricular tachycardia, catheter ablation, particularly with the use of radiofrequency energy, appears to provide a safe and highly effective therapeutic alternative.
